Neuroglycan C (NGC) is a membrane-spanning chondroitin sulfate (CS) proteoglycan that is expressed predominantly in the central nervous system (CNS). NGC dramatically changed its structure from a proteoglycan to a nonproteoglycan form with cerebellar development, whereas a small portion of NGC molecules existed in a nonproteoglycan form in the other areas of the mature CNS, suggesting that the CS glycosylation of NGC is developmentally regulated in the whole CNS. As primary cultured neurons and astrocytes from cerebral cortices expressed NGC in a proteoglycan form and in a nonproteoglycan form, respectively, CS glycosylation seems to be regulated differently depending on cell type. To investigate the glycosylation process, cell lines expressing a proteoglycan form of NGC would be favorable experimental models. When a mouse NGC cDNA was transfected into COS 1, PC12D, and Neuro 2a cells, only Neuro 2a cells, a mouse neuroblastoma cell line, expressed NGC bearing CS chains. In PC12D cells, although three intrinsic CS proteoglycans were detected, exogenously expressed NGC did not bear any short CS chains just like NGC in the mature cerebellum. This suggests that the addition of CS chains to the NGC core protein is regulated in a manner different from that of other CS proteoglycans. As the first step in investigating the CS glycosylation mechanism using Neuro 2a cells, we determined the CS attachment site as Ser-123 on the NGC core protein by site-directed mutagenesis. The CS glycosylation was not necessary for intracellular trafficking of NGC to the cell surface at least in Neuro 2a cells.
Proteoglycans are a group of proteins that bear covalently bound sulfated glycosaminoglycan chains. They are located on the cell surface and in the extracellular space in various animal tissues including the central nervous system (CNS). 1 In the vertebrate CNS, proteoglycans play multiple roles in various cellular events including mitogenesis, migration, differentiation, axonal outgrowth, and synaptogenesis (1) (2) (3) (4) (5) (6) .
We found a transmembrane chondroitin sulfate proteoglycan, named neuroglycan C (NGC), that is expressed in the brain, especially on the surface of neuronal cells, but not in other tissues in rats (7) and humans (8) . The core protein is divided into five structurally different domains as follows: an N-terminal domain to which the chondroitin sulfate (CS) chain is attached, a cluster of acidic amino acids, an epidermal growth factor (EGF)-like domain, a membrane-spanning segment, and a C-terminal cytoplasmic domain.
Considering that NGC is strongly expressed in the immature brain (7) where the neuronal circuits are actively being formed, this proteoglycan may play pivotal roles in neuronal circuit formation like other neural proteoglycans. Actually, CALEB (chicken acidic leucine-rich EGF-like domain containing brain protein), the chicken homolog of NGC, has been reported to participate in neuronal cell adhesion and neurite formation (9, 10) .
Most interestingly, the structure of NGC changes drastically during the development of the cerebellum (11, 12) as well as in the retina (13) . Western blot analysis demonstrated that whereas NGC existed in a proteoglycan form in the immature cerebellum, most NGC molecules did not bear CS chain in the mature cerebellum, indicating that NGC is a typical part-time proteoglycan in the cerebellum. A "part-time proteoglycan" is defined as one in which only a small portion of the molecules bears glycosaminoglycan (14, 15) . The structural change of NGC from a proteoglycan to a nonproteoglycan form coincides with the stage in which the dendrites of the Purkinje cells develop strikingly forming synapses with climbing fibers and parallel fibers. In the cerebellum at this developmental stage, various changes have been reported to occur as follows: Nmethyl-D-aspartate-receptor composition changes from NR2B to NR2C (16) ; neural cell adhesion molecule undergoes conversion from an embryonic form with a high amount of sialic acid to an adult form with less sialic acid (17) ; and the insertion of the VASE exon in the fourth IgG domain of neural cell adhesion molecule is also found to parallel closely the developmental down-regulation of ␣2,8-linked sialic acid homopolymers (18) . Like these molecules, the structural change of NGC must be precisely regulated during cerebellar development. Recently, we found that the CS chains of NGC purified from the brain of neonatal rats were rich in highly sulfated disaccharide units, or E-units, compared with those of neurocan and phosphacan isolated from the rat brain at the same developmental stage (19) . Because CS rich in E-units has an affinity for some growth factors such as midkine (20) , the CS chain of NGC may be involved in a certain developmental event through interaction with these growth factors. To investigate the CS glycosylation processes of NGC and the involvement of its CS moiety in developmental events, it is essential to find or establish cells that express a proteoglycan form of NGC.
In the present study, we found that the CS glycosylation of NGC differs depending on not only developmental stage but also cell type. For example, some cells such as primary cultured neurons and Neuro 2a cells transfected with an NGC cDNA produced a proteoglycan form of NGC, but others such as primary cultured astrocytes and PC12D cells transfected with the NGC cDNA produced mainly a nonproteoglycan form of NGC, although both cell types produce some other CS proteoglycans (4, 21) . By using Neuro 2a cells, we determined the CS attachment site on the NGC core protein by site-directed mutagenesis, and we examined the cell surface localization of NGC with or without CS chains.
EXPERIMENTAL PROCEDURES
Cell Culture-COS 1 cells and Neuro 2a cells (Dainippon Pharmaceutical Co., Osaka, Japan) were maintained in high glucose Dulbecco's modified Eagle's medium (DMEM), 10% fetal calf serum (FCS; Sigma), 50 units/ml penicillin G potassium, and 50 g/ml streptomycin sulfate. In the case of PC12D cells (22) , DMEM was supplemented with 5% FCS, 10% heat-inactivated horse serum (HS; Cambrex Corp., East Rutherford, NJ), and 10 g/ml gentamicin sulfate (Invitrogen).
For primary culture, cerebral cortices of Wistar rats were dissected on embryonic day 16. To obtain neuron-rich culture dishes, the cortices were treated with 0.15 units/ml of papain and dissociated by trituration with a Pasteur pipette. Then 4 ϫ 10 6 cells were suspended in 10 ml of high glucose DMEM containing 0.4% HS, 50 units/ml penicillin G, 25 g/ml streptomycin, and 10 l/ml N2 supplement (Invitrogen) and plated onto a 100-mm poly-L-lysine-coated plastic dish (23) .
Primary astrocyte cultures were prepared according to the procedures described by Nakanishi et al. (23) . The cortices were treated with 0.15 units/ml papain and plated at a density of 2 ϫ 10 7 cells per 25-cm 2 flask in low glucose DMEM supplemented with 10% FCS, 80 units/ml penicillin G, and 200 g/ml streptomycin. After the cells had been maintained for 1 week, the top layer of cells (neurons, oligodendrocytes, and microglia) was removed by shaking horizontally, and the remaining cells were then detached with 0.05% trypsin containing 0.53% EDTA and re-plated on 100-mm plastic dishes. The medium was replaced twice a week with fresh medium. After an additional week of culture, the astrocytes reached confluency, and most cells were glial fibrillary acidic protein-positive and A2B5-negative. Reverse Transcription (RT)-mediated PCR-RT-PCR was performed using the Superscript One-step RT-PCR System (Invitrogen). Total RNA from the cultured cells was purified using TRIzoL reagent following the manual from Invitrogen. To prove the existence of NGC, the DNA primers 5Ј-TGCGACCTCTTCCCAAGTTA-3Ј and 5Ј-ATGACTC-CTCCTCTTTCAGG-3Ј were used for COS 1 cells, TGTGACCTCTTC-CCGAGTTA and AGGACTCTTCCTCCTTCAGG-3Ј for PC12D cells, and 5Ј-TGTGACCTCTTTCCGAGTTA-3Јand 5Ј-AGGACTCTTCCTCCT-TCAGG-3Ј for Neuro 2a cells. The PCR products were subcloned into pBluescript II phagemid (Stratagene, La Jolla, CA). In each case, six clones were removed, and both complementary strands of the DNAs were sequenced using a BcaBEST dideoxy sequencing kit, dCTP version (Takara, Osaka, Japan).
Western Blot Analysis-The olfactory bulb, cerebral cortex, hippocampus, brain stem, cerebellum, and spinal cord were obtained from 7-day-old (P7) and adult C57BL/6 mice. These cerebral tissues were processed for Western blot analyses by the method of Matsui et al. (24) . Cells in culture (100-mm dish) were solubilized with 3 ml of phosphatebuffered saline (PBS) containing 0.2% Nonidet P-40, 0.2% sodium deoxycholate, 20 mM EDTA, 10 mM N-ethylmaleimide, and 2 mM phenylmethylsulfonyl fluoride. Proteoglycans were precipitated from the cell lysate by adding 3 volumes of 95% ethanol containing 1.3% potassium acetate at 0°C and collected by centrifugation at 10,000 rpm for 10 min at 4°C. The samples thus prepared were resolved by SDS-PAGE on a 3% stacking gel and a 6% separating gel. In some cases, the precipitates were dissolved in a chondroitinase reaction buffer and digested with protease-free chondroitinase ABC (CHase ABC, EC 4.2.2.4; Seikagaku Co., Tokyo, Japan) to remove CS side chains, as described previously (25) . Proteins treated with CHase ABC were again precipitated from the reaction buffer by adding 3 volumes of the ethanol/potassium acetate solution and then were separated by SDS-PAGE as described above. Proteins were transferred electrophoretically onto a polyvinylidene difluoride (PVDF) membrane. Immunoreactive bands on the membranes were detected using a Vectastain elite ABC kit (Vector Laboratories, Burlingame, CA) and Konica Immunostaining HRP-1000 (Seikagaku Co.).
Antibodies-NGC on the blots was detected with an antiserum against a recombinant polypeptide (amino acids 33-259 of rat NGC) representing the CS attachment domain of NGC (8) . All CS proteoglycans including NGC on the blots were detected with monoclonal antiproteoglycan ⌬Di-0S, ⌬Di-4S, and ⌬Di-6S antibodies (Seikagaku Co.) after treatment with CHase ABC. These three monoclonal antibodies react with the CS "stub" that remains on core proteins after extensive CHase ABC digestion.
Plasmid Construction-A cDNA of mouse NGC I, a major splicing variant of NGC (11), was subcloned into pCI-Neo vector (Amersham Biosciences). CS chains are thought to link to serine residues in serylglycine or glycyl-serine sequences in core proteins (15) . There are six potential CS attachment sites (serine 38, 123, 156, 188, 232, and 369) conserved among mouse, rat, and human in the ectodomain of NGC (Fig. 1) . Therefore, we produced six mutant cDNA constructs, each of which contains one or two mutations to convert one of these serine residues into alanine. In order to make a mutant with S123A, two oligonucleotides, 5Ј-CCTGGGTGGAGTGACTGCAGAGGCTGGCGCT-GGCGA-3Ј and 5Ј-CGTCGCCAGCGCCAGCCTCTGCAGTCACTCCAC-CCAGG-3Ј, were annealed, and then the DNA fragment was ligated to NGC I cDNA at StuI and BsaI sites. In other cases, DNA fragments bearing the substitution of one or two bases were amplified by PCR using a normal primer and a primer with a mutation (Table I) and ligated to NGC I cDNA. The sequences were confirmed using a BcaBEST dideoxy sequencing kit, dCTP version (Takara).
Selection of Cell Lines Stably Expressing Normal or
Mutant NGC-NGC cDNAs (20 -40 g) were introduced into cultured cells using a Gene Pulser II (Bio-Rad). Electroporation was carried out at 0.25 kV and 500 microfarads. At 24 h after the electroporation, geneticin (Sigma) was added at a concentration of 150 g/ml. Cells expressing NGC protein were detected by immunocytochemistry, and the expression of NGC by these cells was confirmed by Western blotting using the anti-NGC antiserum (8) .
Cell Surface Biotinylation-Biotinylation of proteins on the cell surfaces was performed using sulfosuccinimidobiotin (sulfo-NHS-biotin; Pierce) according to the method of Altin and Pagler (26) . In brief, cells washed three times with ice-cold PBS were suspended in PBS (pH 8.0) at 2.5 ϫ 10 6 cells/ml and were treated with 0.5 mg/ml sulfo-NHS-biotin for 30 min at room temperature. The cells were then washed three times with cold PBS to remove unreacted reagent.
To examine whether normal and mutant NGC expressed in Neuro 2a cells can be labeled by this method, immunoprecipitation analysis for NGC was performed. Cell lysates were prepared as described above. An aliquot (usually 0.6 ml) of the lysate was incubated with 2 g of the affinity-purified anti-NGC antibody at 4°C for 2 h. Protein A-Sepharose CL-4B (3 l; Amersham Biosciences) was added to the antibody-containing cell lysate. The mixture was agitated gently at 4°C overnight, and then was centrifuged at 14,000 rpm for 5 min to collect the immunoprecipitates. The precipitated beads were washed twice with 200 l of FIG. 1. Potential CS attachment sites on mouse NGC core protein. Six serine-glycine or glycine-serine sequences are conserved in the ectodomain of mouse, rat, and human NGCs. Numbers indicate the positions of potential CS attachment serine residues on the mouse NGC core protein.
PBS containing 0.2% Nonidet P-40 and once with 200 l of the chondroitinase reaction buffer. The beads suspended in the reaction buffer were incubated with protease-free chondroitinase ABC at 37°C for 60 min as described above. The enzyme reaction was stopped by adding 3 volumes of the ethanol/potassium acetate solution at 0°C. Precipitates were collected by centrifugation at 14,000 rpm for 15 min and were boiled for 2 min in the sample buffer for SDS-PAGE. After centrifugation of the bead suspension, the supernatant was subjected to Western blot analysis. Biotinylated proteins on a PVDF membrane were detected using a Vectastain elite ABC kit (Vector Labs) and Western Lightning TM Chemiluminescence Reagent Plus (PerkinElmer Life Sciences). The NGC bands on a PVDF membrane were visualized by sequential treatments with the anti-NGC antibody, horseradish peroxidase-conjugated anti-rabbit IgG antibody, and the chemiluminescence reagent.
RESULTS

Western Blot Analysis of NGC in Six Different Parts of CNS in Young and Adult
Mice-The structure of NGC in the olfactory bulb, cerebral cortex, hippocampus, brain stem, cerebellum, and spinal cord was examined in P7 and adult mice by Western blotting using the anti-NGC antiserum. In P7 mice, NGC was recognized as a broad band, which is characteristic of a proteoglycan, at around 150 kDa in homogenates of all parts examined (Fig. 2) . Digestion of the homogenates with CHase ABC produced a relatively narrow band with a molecular mass of 120 kDa.
At adulthood, most NGC molecules in all parts except for the cerebellum existed in a proteoglycan form with a molecular mass of 150 kDa. In the cerebellar homogenate, a significant amount of the 120-kDa band was visible even without the CHase ABC treatment (Fig. 2E) , consistent with our previous result (11) . It is noteworthy that the 120-kDa molecule was also detected in the other areas of the mature mouse CNS, although the proportion of this component is very small.
These findings suggest that most NGC molecules in the mature cerebellum and a small portion of NGC molecules in the mature olfactory bulb, cerebral cortex, hippocampus, brain stem, and spinal cord have very short or no CS chains.
Nonproteoglycan Form of NGC in the Adult Mouse Cerebellum-To examine whether NGC in the mature cerebellum bears any short CS chains, NGC in the mature cerebellum was electroblotted onto a PVDF membrane after separation by SDS-PAGE (Fig. 3A) , and the membrane strip containing the NGC band was exhaustively digested with CHase ABC. If the NGC molecules bear any short CS chains, the NGC band becomes immunoreactive with antibodies against the CS stubs after CHase ABC digestion. The enzymatic treatment of the PVDF membrane strip resulted in the appearance of an immunoreactive smear of over 200 kDa (3rd lane in Fig. 3A ), but the NGC band shown in the 1st lane in Fig. 3A did not become immunoreactive with the anti-proteoglycan ⌬Di-4S stub antibody (3rd lane in Fig. 3A) . The same results were obtained using the anti-proteoglycan ⌬Di-0S or ⌬Di-6S antibody (data not shown). These findings indicate that most NGC molecules in the mature cerebellum do not bear any CS chains. It is not known whether the nonproteoglycan form of NGC bears the glycosaminoglycan-protein linkage region tetrasaccharide, GlcA␤1-3Gal␤1-3Gal␤1-4Xyl, common to various proteoglycans. The smear of over 200 kDa would mostly represent neurocan, because neurocan exists in the mature cerebellum and is recovered at this area upon SDS-PAGE.
In the mature cerebrum, NGC was detected at about 150 kDa without CHase ABC treatment (1st lane in Fig. 3B) , and a band of 120 kDa was detected after the enzymatic treatment (2nd lane) using the anti-rat NGC antibody. The anti-proteoglycan ⌬Di-4S (Fig. 3B, 3rd and 4th lanes) , ⌬Di-0S (data not shown), and ⌬Di-6S (data not shown) antibodies recognized the 120-kDa band corresponding to the NGC core glycoprotein in addition to several bands with higher molecular masses only after CHase ABC treatment.
NGC Expression in Primary Cultured
Neurons and Astrocytes-We examined the expression of NGC in primary cultures of cells derived from the fetal rat neocortex by Western blotting. Immunohistochemical analysis of the young rat brain indicates that neurons rather than glial cells are exclusively Western blotting of NGC in various cerebral tissues of 7-day-old and adult mice. Homogenates (50 g of protein) of various cerebral tissues (A, olfactory bulb; B, cerebral cortex; C, hippocampus; D, brain stem; E, cerebellum; F, spinal cord) from postnatal 7-day-old (P7) and adult mice were separated by SDS-PAGE, and proteins were electrotransferred to a PVDF membrane. The proteins were immunostained with an anti-NGC antibody before (Ϫ) and after (ϩ) CHase ABC digestion. The positions of molecular mass markers are indicated at the left of A and D.
immunostained with anti-NGC antibody (7). However, in the primary culture system, not only neurons but also astrocytes from the neocortex expressed NGC (Fig. 4) . Most surprisingly, the structure of the NGC synthesized was quite different between neurons and astrocytes. Neurons in culture expressed mostly a chondroitinase-sensitive broad band or a proteoglycan form of NGC (Fig. 4B) , whereas astrocytes in culture expressed a chondroitinase-resistant narrow band or a nonproteoglycan form of NGC (Fig. 4A) . This indicates that the CS glycosylation of NGC is regulated differently in these two cell types.
NGC Expression in Some Cell Lines-The findings mentioned above (Fig. 2E) indicate that the CS glycosylation of NGC is developmentally regulated in the cerebellum, and therefore suggest that the glycosylation is one of the molecular mechanisms regulating cerebellar development. To investigate the CS glycosylation mechanism for NGC, a cell line expressing a proteoglycan form of NGC would be a favorable experimental model.
To detect the NGC proteoglycan in cultures of original COS 1, PC12D, and Neuro 2a cell lines, we performed Western blotting of lysates of these cells using the anti-NGC antibody. As shown in Fig. 5 , NGC was not detected in cultures of COS 1 (A, lanes 1 and 2), PC12D (B, lanes 1 and 2) , or Neuro 2a cells (C, lanes 1 and 2) regardless of CHase ABC treatment under these experimental conditions. We then transfected a mouse NGC-I cDNA into these cells, and we tried to detect the NGC proteoglycan by Western blotting. The transfected COS 1 cells expressed two bands at around 120 kDa without CHase ABC treatment (Fig. 5A, lane 3) . After the enzymatic treatment, neither the thickness nor the mobility of the bands changed (Fig. 5A, lane 4) , indicating that NGC does not bear any CS chains in COS 1 cells. The same result was obtained in PC12D cells, although there was only one immunoreactive band (Fig.  5B, lanes 3 and 4) . When the NGC-I cDNA was transfected into Neuro 2a cells, a broad band of about 150 kDa was observed in addition to the two bands of around 120 kDa before the treatment with CHase ABC (Fig. 5C, lane 3) . After the enzymatic treatment, the 150-kDa broad band disappeared, and the immunoreactivity of the 120-kDa doublet increased (Fig. 5C, lane  4) , indicating that a large proportion of NGC molecules bear CS chain(s) in cultures of Neuro 2a cells. It is of interest that only Neuro 2a cells among these cell lines expressed a proteoglycan form of NGC when the same NGC-I cDNA was transfected.
CS Proteoglycans in Cultures of PC12D Cells-Both COS 1 and PC12D cells must synthesize their endogenous CS proteoglycans. In fact, Katoh-Semba et al. (21) have reported the synthesis and characterization of CS-glycosaminoglycans in PC12D cells. We then examined whether PC12D cells stably expressing the nonproteoglycan form of NGC (Fig. 6B) express any other endogenous CS proteoglycans. When cell lysate of a stable transfectant was analyzed by Western blotting using a mixture of anti-proteoglycan ⌬Di-0S, ⌬Di-4S, and ⌬Di-6S antibodies, three protein bands (* in Fig. 6A ) appeared after CHase ABC treatment, but no band was observed at the location corresponding to NGC. Although CS chains were introduced into some endogenous proteoglycan core proteins in PC12D cells, this indicates that they were not incorporated into the NGC core protein, an exogenously expressed proteoglycan core protein. Attachment Site of CS Chain(s) on NGC Core Protein-As described above, when a wild type NGC cDNA was transfected into Neuro 2a cells, the expressed NGC bore CS chain(s) (Figs. 5C and 7B). Its molecular size was almost the same as that of NGC in primary cultures of neocortical neurons (Fig. 7A) , 150 and 120 kDa before and after CHase ABC treatment, respectively. Therefore, by using this cell line, we determined the CS attachment site on the NGC core protein by site-directed mutagenesis. When a mutant NGC cDNA, which produces NGC with a mutation of S123A, was transfected into Neuro 2a cells, the NGC was observed as a band of 120 kDa regardless of CHase ABC digestion (Fig. 7C) . Another five mutant NGCs, including one with the mutation S38A (Fig. 7D) , were expressed as a chondroitinase-sensitive broad band of 150 kDa or a proteoglycan form. These results indicate that only one site, Ser-123, among the six potential sites on NGC was occupied by a CS chain. Although the NGC ectodomain can be phosphorylated by a casein kinase II-like kinase, the site of the phosphorylation is different from Ser-123 (27, 28) .
Cell Surface Localization of Normal NGC with a CS Chain and Mutant NGC without CS Chains in Neuro 2a Cells-
Because there is a possibility that CS glycosylation is necessary for transportation of NGC to the cell surface, we examined whether NGC with a mutation of S123A was transported to and existed at the cell surfaces of Neuro 2a cells by biotinylating surface proteins. When the cells expressing normal NGC, which bears a CS chain (Fig. 5C) , were subjected to biotinylation, many proteins were biotinylated (Fig. 8A, lane 1) , including the 120-kDa doublet (Fig. 8A, lane 2) that was immunoreactive with the anti-NGC antibody (Fig. 8A, lane 3) . NGC with a mutation of S123A does not bear any CS chains as shown in Fig. 7C . Unexpectedly, the mutant NGC molecules were also biotinylated, when the cell surfaces of Neuro 2a cells stably expressing the mutant molecules were biotinylated (Fig. 8B,  lanes 2 and 3) . These findings indicate that NGC can be transported to the cell surface regardless of its CS glycosylation.
DISCUSSION
In the present study, we demonstrated that the CS glycosylation of NGC occurred depending on cell type as well as on developmental stage of the CNS. Neurons in culture and Neuro 2a cells transfected with an NGC cDNA expressed a proteoglycan form of NGC. Site-directed mutagenesis using Neuro 2a cells revealed that NGC has only one CS chain at Ser-123 of the mouse NGC sequence. Intracellular trafficking of NGC to the cell surface occurred regardless of the CS glycosylation in Neuro 2a cells.
NGC Expression by Neurons and Astrocytes in Culture-
Immunohistochemical analysis has demonstrated that the NGC immunoproducts are largely observed in association with neuronal structures (7) . Glial structures are seldom stained with anti-NGC antibodies in the brain. In the present study, we found that astrocytes in culture as well as neurons expressed NGC (Fig. 4) . Astrocytes in culture often synthesize molecules that are not synthesized in vivo (4, 29) . Most surprisingly, although cultured neurons expressed a proteoglycan form of NGC, cultured astrocytes expressed a nonproteoglycan form (Fig. 4) . Because cultured astrocytes can synthesize some CS Proteins were separated by SDS-PAGE, and then were electronically transferred to PVDF membranes. Biotinylated protein bands on the membranes were detected using a Vectastain elite ABC kit (ABC), and NGC bands were detected by sequential treatments with ␣NGC and a horseradish peroxidase-conjugated anti-rabbit IgG antibody as described under "Experimental Procedures." The positions of molecular mass markers are indicated at the left of the panels.
proteoglycans such as neurocan and phosphacan in a proteoglycan form (4), they must have the complete set of enzymes and substrates necessary for CS synthesis. Our results suggest that the CS glycosylation mechanism for NGC operative in neurons does not work in astrocytes.
NGC Expression by Cell Lines Transfected with NGC cDNA-The transfection of mammalian cells with cDNA coding a proteoglycan core protein generally produces proteoglycanbearing glycosaminoglycan chains (30 -34) . In the present study, we transfected an NGC cDNA into three mammalian cell lines: Neuro 2a cells, COS 1 cells, and PC12D cells. Although the transfected Neuro 2a cells produced NGC bearing a CS chain, the other cell lines produced NGC without any CS chains (Fig. 5) . COS 1 cells transfected with a cDNA of decorin, a small proteoglycan bearing only one chondroitin/dermatan sulfate chain, do produce decorin in a proteoglycan form (30) , suggesting that the glycosylation of decorin is regulated in a manner different from that of NGC in COS 1 cells. Similarly, PC 12D cells transfected with an NGC cDNA produced some intrinsic CS proteoglycans (Fig. 6 ) but could not synthesize a proteoglycan form of NGC. All these findings suggest that the CS glycosylation of NGC is controlled by a particular mechanism quite different from that of other CS proteoglycans. Neuro 2a cells could be a good experimental model to study the CS glycosylation mechanism for NGC and possibly the functional role of the CS moiety of NGC.
CS Attachment Sites of CS Proteoglycans-CS glycosylation occurs recognizing Ser-Gly dipeptides that have one or more acidic amino acids in close proximity (34) . The amino acid sequence of the CS attachment site of NGC, -TAEAGSG-DAQT-, meets this criterion. Four -GS/SG-sites other than the site identified also have one or more acidic amino acids in close proximity (Fig. 1) , but CS glycosylation did not occur at these sites (Fig. 7) . Enzymes involved in CS synthesis would recognize not only the consensus sequence for CS glycosylation but also the other structural features of NGC. If some post-translational modification occurs at amino acids in the consensus sequence or in the other enzyme-recognizing areas, the CS glycosylation of NGC should be inhibited. As the NGC core protein is post-translationally modified in various ways such as phosphorylation (27) and glycosylation (19) , some of these modifications might be implicated in the regulation of the CS glycosylation of NGC.
CS Glycosylation and Intracellular Trafficking-Glycosylation is considered to be a fundamental step of intracellular trafficking of some cell surface or secretory glycoproteins. For example, Cai et al. (35) have reported that underglycosylated epidermal growth factor receptor cannot be translocated to the cell surface resulting in a down-regulation of the EGF signaling pathway through the formation of a stable complex with GRP78/BiP, a molecular chaperone in the endoplasmic reticulum (ER). Additionally, it has been suggested that the glycosaminoglycan moiety of proteoglycans functions as a sorting signal in some cases (for a review see Ref. 36) .
Because our previous immunoelectron microscopic study demonstrated that the hypolemmal cisternae, layers of ER, of the Purkinje cell dendrites in the mature mouse cerebellum were intensively immunostained for NGC (11), we hypothesized that NGC without the CS chain could not be translocated to the cell surface like the EGF receptor, and that a signaling pathway related to NGC could be down-regulated in the mature CNS, especially in the cerebellum. NGC with a mutation of S123A, which does not bear any CS chains (Fig. 7C) , was susceptible to cell surface biotinylation (Fig. 8) , indicating that even a nonproteoglycan form of NGC can be transported to the cell surface at least in Neuro 2a cells. CS glycosylation would not be a essential step for intracellular trafficking of NGC.
